Abstract -An overview is given of the modeling of t h e hydrodynamics, transport phenomena and chemical reactions in single-wafer LPCVD reactors, both at t h e macroscopic (reactor-scale) and a t the microscopic (feature-scale) level. Examples of modeling results f o r single-wafer silicon LPCVD from silane and tungsten LPCVD from tungsten hexafluoride and hydrogen a r e presented and comparisons a r e made with experimental results. The use of mathematical models in t h e design and optimization of single-wafer LPCVD reactors and processes is discussed.
INTRODUCTION
The properties of thin films grown by CVD a r e highly determined by t h e interacting hydrodynamics, transport phenomena and chemical reactions in the CVD reactor chamber. This complex interaction obscures the basic underlying mechanisms. As a result, the development of new CVD processes and reactors, fulfilling the increasing demands in t h e electronics and optoelectronics industry, i s a difficult and time-consuming task, which until now i s mainly done by methods of trial-and-error. However, t h e need f o r mathematical CVD models, giving a detailed description of t h e relevant physical and chemical processes, has been recognized at an early stage. In t h e last two decades CVD models have evolved from simple analytical models t o advanced numerical computer codes, describing the three dimensional hydrodynamics and the multi-step chemical reaction mechanisms involved [I] . Such models may be used a s an aid in reactor design and process optimization, allowing a great saving in t h e costly and time consuming development and step-by-step improvement of reactor prototypes and process conditions. Besides, CVD models may serve a s a tool f o r unraveling t h e basic physico-chemical mechanisms in CVD and in the identification and interpretation of diagnostic experiments.
Traditionally, CVD modeling has been aimed a t (i) Atmospheric pressure CVD in conventional coldwall systems, such a s t h e horizontal reactor, the barrel reactor and the pancake reactor; and (ii) Low pressure CVD in hotwall batch reactors. The modeling of coldwall atmospheric pressure reactors involves complex mixed convection flows, strong thermal diffusion phenomena and multiple reaction gas-phase chemistry. In hotwall LPCVD reactors t h e fluid flow is relatively simple and gas-phase chemistry is less important, but t h e modeling is complicated by the accurate description of heterogeneous reaction kinetics, f r e e molecul a r flow phenomena and multi-component diffusion phenomena.
In the last five years it became clear t h a t these conventional types of reactors a r e unsuitable f o r t h e purpose of unraveling basic CVD mechanisms. Instead, reactor geometries with a simple and well defined flow and temperature field, such as stagnation flow, impinging jet and rotating disk reactors, have been suggested f o r fundamental experimental and modeling studies [I-31. In the idealized case, the hydrodynamics in these configurations can be described by means of one-dimensional transport equations [4,51. This simplification allows f o r t h e inclusion of complex chemical mechanisms in the CVD model. Thus, detailed modeling studies have been made of various atmospheric pressure CVD processes in these idealized configurations I6-91. In actual reactor systems, the ideal flow behavior will be Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1991202 disturbed by buoyancy driven flow recirculations, edge effects and the influence of reactor walls 110-121, necessitating a fully two-dimensional axisymmetric description of t h e hydrodynamics f13-171. Moreover, symmetry-breaking effects may lead t o three dimensional hydrodynamics in cylindrical symmetric reactor configurations [17,181. At t h e same time, with the development of new CVD processes, t h e increasing wafer dimensions and the ever increasing process demands in t h e IC industry, t h e interest in coldwall single-wafer LPCVD reactors has grown considerably. As a basic concept f o r these reactors, t h e main interest is again in impinging jet, stagnation flow and rotating disk configurations. Single-wafer LPCVD reactors offer several advantages over conventional hotwall batch type reactors, such as easy wafer handling, low particle contamination, excellent uniformity and efficient removal of reaction products. At present, single-wafer LPCVD reactors a r e widely used f o r tungsten deposition in ULSI metallization. Besides, there is an increasing interest in the application of single-wafer LPCVD reactors f o r other processes, such as in s i t u doped polysilicon and epitaxial silicon. However, despite i t s industrial relevance, t h e modeling of low pressure single-wafer reactors has not received as much attention a s conventional low pressure and atmospheric pressure CVD processes.
As f a r a s modeling i s concerned, single-wafer LPCVD reactors combine some of t h e aspects of LPCVD batch reactors and atmospheric pressure coldwall systems. Mathematical modelsf o r single-wafer LPCVD should include mixed convection gas flow phenomena, multi-component ordinary and thermal diffusion, mixture composition dependent g a s properties, f r e e molecular flow phenomena and multiple homogeneous and heterogeneous chemical reactions. The modeling can take place at two geometric levels: (i) At the macroscopic, reactor-scale level, where the gas mixture can be treated as a continuum at pressures above circa 10 P a and (ii) a t the microscopic, feature-scale level, where the gas can no longer be treated a s a continuum. The macroscopic behavior of t h e process is described by t h e combination of a hydrodynamic model f o r t h e g a s flow and transport phenomena, a chemical model f o r the gas-phase and surface reactions and a heat t r a n s f e r model f o r the wall and wafer temperatures. Feature-scale subrnodels, accounting f o r f r e e molecular flow phenomena, may relate t h e macroscopic process conditions t o microscopic process qualities.
In t h i s paper an overview will be given of the modeling of single-wafer LPCVD processes, both a t t h e reactor-scale and t h e feature-scale level and examples will be presented of its use in equipment design and process optimization. The discussion will be limited t o thermal CVD processes and t o process conditions f o r which the g a s can be treated a s a continuum a t t h e reactor-scale level.
HYDRODYNAMIC MODELS FOR SINGLE-WAFER LPCVD REACTORS
T r a n s p o r t equations
The modeling of the reactor-scale transport phenomena (laminar gas flow, heat t r a n s f e r and gas species transport) in single-wafer LPCVD reactors involves the solution of a s e t of coupled partial differential equations, representing the balance equations f o r total mass (continuity equation), momentum (Navier-Stokes equation), heat (thermal energy equation) and species (species balance equations) [19] . The cylindrical shape of most single-wafer reac-These flow equations a r e coupled t o the thermal energy equation and the species concentration equations through t h e temperature and mixture composition dependence of t h e fluid properties and through t h e buoyancy term. In the thermal energy equation, t h e Dufour (diffusion-thermo) effect, viscous dissipation and compressibility effects may well be neglected under common LPCVD conditions. We then obtain
The influence of buoyancy effects on t h e g a s flow in coldwall single-wafer LPCVD reactors is illustrated in figure 1 . Buoyancy may cause flow recirculations, the direction of which depends on t h e reactor orientation. These recirculations a r e suppressed at low pressures and high flowrates (i.e. low Grashof and high Reynolds numbers). The species concentrations in an N component gas mixture a r e described by N-1 equations of the form:
The homogeneous chemical reaction r a t e s and the stoichiometric coefficients must be prescribed by a chemistry model, as will be discussed in the next section. The t o t a l species diffusion fluxes a r e t h e vector sum of ordinary diffusion fluxes and thermal diffusion fluxes. The ordinary diffusion fluxes in a multi-component mixture can be calculated from t h e Stef an-Maxwell equations:
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The thermal diffusion fluxes, which a r e a result of the Soret effect, causing large and heavy g a s molecules t o concentrate in the cold regions of the reactor, a r e given by
The chemical species transport in coldwall single-wafer LPCVD reactors thus involves three physical mechanisms: convection, ordinary diffusion due t o concentration gradients and thermal diffusion due t o temperature gradients. This i s illustrated in figure 2. 
Boundary conditions
The transport equations, which a r e generally applicable t o any CVD reactor, must be completed with boundary conditions, defining a particular reactor configuration. These boundary conditions include prescribed velocities, temperatures and species concentrations in the inflow, zero gradients in t h e outflow, no-slip conditions on solid walls and zero total species fluxes normal t o nonreacting walls. On reacting surfaces, t h e total normal flux f o r each species equals t h e net consumption r a t e by surface reactions and the non-zero normal velocity component is determined by t h e net mass deposition rate:
where n is t h e direction normal t o the surface. The surface reaction r a t e s and t h e stoichiometric coefficients a r e t o be prescribed by a heterogeneous chemistry model, as will be discussed in t h e next section. For the reactor walls and t h e wafer surface isothermal o r adiabatic thermal boundary conditions can be used. However, a more sophisticated model f o r the calculation of wall and wafer temperatures is often necessary. This will be discussed in section 4.
Fluid p r o p e r t i e s
Due t o t h e high concentrations of reactants and products, t h e fluid properties (density, viscosity, thermal conductivity and (thermal) diffusion coefficients) of t h e g a s mixture in single-wafer LPCVD reactors will not only depend on t h e pressure and temperature, but also on t h e composition of t h e mixture. These properties may be obtained from theoretical models However, these codes have not generally been developed specifically f o r CVD modeling. The inclusion of some CVD-specific aspects, such a s multi-component (thermal) diffusion, mixture composition dependent fluid properties, multiple-step and multiplespecies homogeneous chemical reactions and heterogeneous deposition reactions, generally requires t h e modification of general purpose fluid dynamics codes, which may not be trivial, especially if source codes a r e not available [251.
CHEMISTRY MODELS FOR SINGLE-WAFER LPCVD PROCESSES
Whereas t h e hydrodynamic model is generally applicable t o any single-wafer LPCVD process, a separate chemistry model, stating the relevant homogeneous and heterogeneous reaction pathways and r a t e constants, must be specified f o r each particular process. The lack of detailed chemistry models i s still the most important bottle-neck in CVD modeling. For this reason, many CVD modelers have resorted t o the use of simple chemistry models, assuming one single overall chemical reaction, with a r a t e expression t h a t is obtained from empirical correlations. However, empirical correlations f o r a particular operating regime lose their validity when moving towards different temperatures and pressures. Moreover, intermediate reaction products may have a large influence on t h e deposition process. Therefore, t h e development of f u t u r e generation CVD reactors and processes ,requires a more fundamental understanding of t h e chemistry involved. This must be obtained both from extensive experimental research and from theoretical modeling.
Gas-phase c h e m i s t r y modeling
A homogeneous chemistry model should s t a t e the relevant reaction pathways and t h e reaction r a t e s f o r t h e gas-phase chemistry. The development of a homogeneous reaction mechanism model is usually performed in two steps: First, a large system of all plausible species and elementary reactions is constructed. This system typically contains over one hundred species and reactions, prohibiting its use in CVD modeling. Therefore, in a second step, chemical kinetics sensitivity analysis and experimental gas-phase analysis studies a r e used t o reduce t h e system, maintaining only the most relevant reaction pathways. The resulting mechanism should reflect t h e essential features of t h e process over a wide range of process conditions. The reaction r a t e s of t h e elementary reversible reaction steps a r e obtained f r o m
reactants products
If not available, the r a t e constants have t o be determined experimentally o r estimated theoretically, using statistical thermodynamics, transition s t a t e theory and bond dissociation enthalpies. Generally, t h e r a t e constants have a n Arrhenius temperature dependence and a r e independent of t h e pressure at sufficiently high pressures. At low pressures however, the reactions enter their pressure fall-off regime. The classical Lindemann expression provides a qualitative description f o r t h e pressure fall-off behavior of unimolecular decomposition reactions. More accurate quantitative predictions may be obtained from RiceRamsperger-Kassel-Marcus analysis 126, 271. The development of CVD gas-phase chemistry' models has been limited t o atmospheric pressure conditions mainly. Pioneering work has been performed by Coltrin and coworkers f o r silicon CVD from silane 18, 28 -29] . More recently, models have been developed f o r t h e gasphase chemistry in the CVD of silicon dioxide from (dilsilane and nitrous oxide [30] and in t h e MOCVD of GaAs from trimethylgallium and arsine 19,311. In general, gas-phase chemistry is found t o contribute significantly t o the deposition process under atmospheric pressure CVD conditions. I t s accurate modeling may involve several dozens of elementary reactions and intermediate species. As a result, t h e use of detailed gas-phase chemistry models has up until now been restricted t o simplified ID reactor configurations.
In contrast t o atmospheric pressure CVD, it is generally assumed t h a t gas-phase reactions a r e negligible in LPCVD batch processes. For example, experimental observations I321 and modeling results 1331 indicate, that less than 10% of t h e silicon deposition from silane in LPCVD batch rekctors i s due intermediate species formed in t h e gas-phase. Likewise, model simulations and experimental gas-phase analyses indicate, t h a t gas-phase reactions a r e negligible in tungsten LPCVD from tungsten hexafluoride and hydrogen o r silane 134-361. As a result, gas-phase reactions a r e usually neglected in LPCVD modeling. However, in singlewafer LPCVD reactors the temperature and pressure will generally be higher than in conventional batch reactors, in order t o obtain a sufficiently high growth r a t e and throughput. As a result, gas-phase reactions may be more important. For example, model simulations of t h e hydrodynamics and gas-phase reactions in silicon LPCVD in a coldwall single-wafer reactor show, t h a t gas-phase reactions may contribute significantly t o t h e silicon growth at operating pressures which a r e slightly increased compared t o conventional LPCVD pressures 1371. Figure 3 shows t h e simulated contribution of g a s phase reactions t o t h e silicon growth as a function of t h e total pressure. Figure 4 shows radial growth r a t e distributions due t o direct silane adsorption and due t o reactive intermediates formed in t h e g a s phase at 1330 P a total pressure. I t i s clear, t h a t g a s phase reactions become very important and t h a t t h e growth uniformity is highly deteriorated a t slightly increased pressures.
In conclusion, t h e accurate modeling of coldwall single-wafer LPCVD processes necessit a t e s a careful consideratio6 of t h e contribution of gas-phase reactions. For this purpose, gas-phase chemistry models will have t o be (further) developed and pressure fall-off reaction r a t e constants will have t o be determined. I t i s likely, t h a t gas-phase reaction mechanisms in single-wafer LPCVD reactors a r e less complex than in atmospheric pressure reactors. This allows f o r a n accurate modeling of the gas-phase chemistry in combination with a pressure (Pa) f i g u r e 3: The relative contribution of f i g u r e 4: Radial growth rate distribugas-phase intermediates t o t h e silition on a 0.24 m diameter wafer, d u e t o c o n growth from s i l a n e (100 sccm in direct s i l a n e absorption and d u e to 900 sccm nitrogen) in a coldwall different gas-phase intermediates. single-wa f er reactor, a s a function (100 sccm s i l a n e 2n 900 s c c m nitrogen, of pressure, f o r two wafer tempe-1000 K wafer temperature, 1330 P a temperatures.
total pressure) realistic, non-simplified description of t h e axisymmetric hydrodynamics in such reactors. Thus, single-wafer reactors may prove t o be an excellent tool f o r fundamental CVD studies.
Surface chemistry modeling
I t is clear, t h a t sophisticated models f o r surface reaction mechanisms and kinetics a r e essential f o r t h e accurate modeling of single-wafer LPCVD processes. However, up until now, the fundamental modeling of heterogeneous chemical reactions in CVD has not received as much attention a s gas-phase chemistry modeling. Instead, various simplifying assumptions have been used in t h e modeling of heterogeneous reaction mechanisms and kinetics. The most simple approach is t o assume one single overall surface reaction, with very f a s t kinetics compared t o the maximum r a t e of supply of t h e reactants. In t h i s case t h e deposition is transport limited and no detailed information is needed about t h e surface kinetics. Although useful f o r the prediction of growth r a t e s in some atmospheric pressure epitaxial processes, this approach is not suited f o r single-wafer LPCVD modeling, where deposition will usually be kinetically limited. A second approach i s again t o assume one single overall reaction, but t o use empirical relations, usually of the form as a r a t e expression. This approach may be useful in predicting single-wafer LPCVD growth r a t e s f o r a limited range of operating conditions. However, t h e disadvantages of the use of overall reaction schemes and empirical r a t e expressions have already been mentioned before. A third way t o model surface reactions is t o assume t h a t the surface reaction mechanism can be described by a series of elementary heterogeneous unimolecular decomposition reactions, the r a t e s of which can be represented by a single reaction probability 129,381. The reaction r a t e of each unimolecular surface reaction is then taken a s the product of t h e number of surface collisions of t h e species molecules as calculated from kinetic theory, and t h e reaction probability:
C2-26
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Ihe reaction probability is t'itted t o match theory and experiment f o r a particular range of process conditions. This approach can only be used f o r unimolecular surface processes.
Moreover, r a t h e r than having a fixed value, the reaction probability usually appears t o be a rather complicated function of temperature and pressure [37, 391 . A final approach which has been used in surface reaction modeling is t o propose a particular sequence of elementary surface process steps, and t o assume t h a t one of these steps is r a t e limiting, whereas all the other steps a r e in equilibrium [40, 411. This leads t o an expression f o r t h e otrerall reaction r a t e a s a function of temperature and species partial pressures. The choice between different reaction schemes and r a t e limiting steps, leading t o different r a t e expressions, is based on the experimental growth r a t e behavior of the process. The unknown constants in the r a t e expression a r e chosen t o f i t experimental data. This approach has f o r instance been used rather successfully in the modeling of the heterogeneous deposition reactions in single-wafer tungsten LPCVD from tungsten hexafluoride and hydrogen 1421. Figure 5 shows model simulations an$ experimental results f o r the dependence of t h e tungsten growth r a t e on the tungsten hexafluoride inlet pressure, a t different total pressures and wafer temperatures. Figure 6 shows model simulations and experimental results f o r t h e tungsten growth r a t e as a function of radius on a 3 in. wafer.
WF, inlet pressure (Pa) radius (m)
f i g u r e 5: Model simulations and experi-f i g u r e 6: Model simulations and e x p e r imental r e s u l t s f o r t h e tungsten growth mental r e s u l t s f o r t h e tungsten growth r a t e in a coldwall single-wafer rate a s a function of r a d i u s on a 3 r e a c t o r as a function of t h e tungsten in. wafer (133 P a total pressure, hexafluoride inlet p r e s s u r e a t 673 K wafer temperature, 1000 sccm different total p r e s s u r e s and wafer hydrogen, 199 sccm Argon, 1.3 sccm temperatures (after 1'421) .
tungstenhexaf luoride). (after f421).
Although useful in t h e prediction of growth r a t e s f o r a limited range of process conditions, the above approaches certainly do not suffice t o predict LPCVD process characteristics such a s film composition and structure, doping level, and impurity incorporation. For this purpose, detailed models of t h e multi-step heterogeneous reaction mechanisms and kinetics, including adsorption/desorption phenomena, gas-solid reactions and surface-only reactions must be developed. Pioneering work in the detailed modeling of heterogeneous CVD processes and t h e a b initio estimation of heterogeneous r a t e constants has been published by Pollard and coworkers f o r gallium arsenide MOCVD from trimethylgallium and arsine 19,431 and f o r tungsten LPCVD from tungsten hexafluoride and hydrogen [34,351.
THE MODELING OF WAFER AND WALL TEMPERATURES
Since the deposition processes in single-wafer LPCVD reactors a r e highly determined by thermally activated heterogeneous processes, it is important t o have precise knowledge of the temperature of the wafer and the reactor walls. The wafer temperature distribution has a large influence on the properties, growth r a t e and uniformity of the deposited film. The temperature of t h e reactor walls may influence the g a s flow pattern, gas-phase chemistry, F i g u r e 7: Heat t r a n s f e r in a coldwall singlef i g u r e 8: Experimental and simulawafer reactor with susceptor heating.
ted wafer temperatures in a coldwall single-wa f er reactor (after 1461)
particle formation etc. The purpose of CVD reactor heat transfer models is t o predict t h e wafer and reactor wall temperature distributions. These temperature distributions a r e determined by thermal conduction in the wafer and reactor walls and by radiative, conductive and convective heat fluxes between the heating source, the wafer, the g a s mixture, t h e reactor walls and t h e surroundings. These heat fluxes depend on the reactor configuration, t h e radiative and thermal properties of the wafer, the reactor walls and the g a s mixture and on the g a s flow pattern in t h e reactor. Figure 7 illustrates the heat transfer mechanisms in a single-wafer reactor with susceptor heating. The wall and wafer temperature distributions can be calculated by solving heat conduction equations f o r the wafer and the reactor wall material, With t h e various heat fluxes a s boundary conditions. Due t o surface roughnesses, the direct thermal contact between t h e wafer and t h e susceptor i s minimal and heat transfer has t o occur through g a s particle conduction and thermal radiation. Since the mean f r e e path length of t h e gas molecules i s larger than o r comparable t o the susceptor-to-wafer distance at common LPCVD pressures, t h e heat conduction i s governed by f r e e molecular flow phenomena 144-461. The calculation of t h e radiant heat fluxes involves the discretization of all walls into small surface elements and t h e determination of radiant exchange f a c t o r s between each pair of surface elements. The convective heat fluxes t o t h e reactor gases a r e determined by t h e g a s flow and g a s temperatures in the reactor, a s calculated by the hydrodynamic model [47-491. The modeling of wafer temperatures i s of special importance in cold-wall single wafer LPCVD reactors with susceptor heating, because of t h e deteriorated thermal contact between susceptor and wafer at low gas pressures. Several authors have used detailed heat transfer models t o study t h e influence of the type of carrier gas, the gas pressure and t h e susceptor and wafer emissivities on the temperature difference between wafer and susceptor 144-461. I t was found, t h a t this difference may be as large a s 100 K. 
FEATURE-SCALE MODELING
Together, t h e hydrodynamic model, the chemistry model and the heat transfer model constitute a reactor-scale CVD model, describing t h e macroscopic CVD process characteristics. Besides, it may be important t o predict microscopic, feature-scale process characteristics, such a s the selectivity-loss in selective and the step coverage in blanket feature filling processes. In a selective process, deposition takes place on e.g. silicon and metallic surfaces, but not on e.g. oxide surfaces. This offers the possibility of filling vias and contact holes without t h e need f o r subsequent backetching. However, selectivity loss may occur, causing growth on oxide surfaces a s well. Alternatively, blanket f e a t u r e filling processes may be used, which should have a high conformality in order t o avoid undesirable void formation. In a n ideal blanket process, the step-coverage, i.e. the r a t i o of t h e film thickness a t half t h e feature depth and the feature radius, is close t o 100 %.
The feature-scale deposition characteristics depend on the local macroscopic process conditions' at t h e wafer surface. However, a t t h e feature-scale level, with typical dimensions < 1 pm, t h e g a s exhibits f r e e molecular (Knudsen flow) phenomena. The aim of featurescale CVD models is t o describe these phenomena and predict their influence on microscopic film qualities. The boundary conditions f o r feature-scale models a r e determined by t h e local macroscopic process conditions, that may be obtained from a reactor-scale CVD model.
In Figure 9 shows modeled and experimental step coverages, as a function of a characteristic dimensionless number, t h e s o called step coverage modulus, which involves the feature dimensions, the reactant surface concentration, t h e Knudsen diffusion coefficient and the growth r a t e [521.
step coverage modulus Figure 9 : Experimental data and model simulations (-) o f the tungsten LPCVD s t e p coverage in high aspect ratio trenches, a s a function o f the dimensionless s t e p coverage modulus ( a f t e r 1521).
THE USE OF SINGLE-WAFER LPCVD MODELS IN FUNDAMENTAL PROCESS RESEARCH AND AS A TOOL FOR PROCESS OPTIMIZATION AND EQUIPMENT DESIGN
Simulation models f o r single-wafer LPCVD processes may be used f o r two main purposes:
(i) In fundamental process research, the use of simulation models may be vital in the identification and correct interpretation of diagnostic experiments. These a r e hampered by t h e f a c t t h a t t h e process conditions a t the wafer surface depend on the transport phenomena and chemical reactions in t h e reaction chamber and a r e therefore highly unknown. As a result, the validity of experimental data is often limited t o a particular reactor configuration, making i t hard t o distinguish between fundamental process characteristics and reactor dependent a r t i f a c t s . Simulation models, relating wafer conditions t o t h e reactor inlet conditions, may resolve these problems. Usually, this involves some kind of iterative procedure. using model predictions t o evaluate experiments, and experimental d a t a t o improve t h e model.
( i i )
Once a reliable CVD model has been established, the model may be used t o optimize react o r design and process conditions. This may involve conflicting process demands, such as uniform growth r a t e , high throughput, and economic use of reactants. The influence of react o r configuration and process conditions on these performance measures can be studied by means of a simulation model. Despite these great potentials, most modeling research has been limited t o t h e description of t h e principal behavior of CVD processes and f e w have proceeded a s f a r a s t o actually apply simulations in equipment design and process optimization. hexaf luoride, 693 K w a f e r temperature)
As an example, we illustrate the optimization of a blanket tungsten feature filling process with t h e aid of model simulations t521. Tungsten is deposited from tungsten hexafluoride and hydrogen in a single-wafer reactor. The process should combine a high and uniform growth r a t e and s t e p coverage with a low use of expensive tungsten hexafluoride gas. With regards t o multi-level metallization, t h e maximum temperature i s limited t o circa 700 K. Model simulations, allowing easy variation of reactor geometry and process parameters, were used t o optimize t h e process with respect t o all these demands. Figures 10 and 11 show examples of the optimization of t h e step coverage. With the model simulations, a process h a s been developed which offers a high growth r a t e on a large wafer (2.4 nm/s, uniform within 1% over a 0.24 m diameter wafer) and a high step coverage (95% step coverage in 5:l depth-to width aspect r a t i o trenches) using only 50 sccm of tungsten hexafluoride. These model predictions were validated by ,experiments, showing a growth r a t e of 2.5 nm/s and a s t e p coverage > 95%
in 10 x 2 pm trenches, both uniform within experimental accuracy over a 6 in. wafer. Figure  12 illustrates the extreme good step coverage obtained with this process. 
CLOSING REMARKS
Single-wafer LPCVD modeling has now come t o a point were i t can be used successfully in reactor design and process optimization, opening the door t o the computer aided development of advanced deposition technologies f o r ULSI IC manufacturing. This may contribute t o better process and equipment design, reduced costs, and improved IC manufacturing. However, many important challenges remain f o r t h e near future, especially with respect t o t h e development and evaluation of detailed chemistry models. The combination of experimental and modeling research in single-wafer LPCVD reactors may be a n excellent tool f o r this purpose.
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